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Abstract. Magnetic fields play an important role at all stages of stellar evolution. In Sun-like
stars, they are generated in the outer convective layers. Studying the large-scale magnetic fields
of these stars enlightens our understanding of the field properties and gives us observational
constraints for the field generation models. In this review, I summarise the current observational
picture of the large-scale magnetic fields of Sun-like stars, in particular solar-twins and planet-
host stars. I discuss the observations of large-scale magnetic cycles, and compare these cycles to
the solar cycle.
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1. Introduction
Magnetic fields are present at different scales in the universe, from planets to stars,
galaxies and galaxy clusters. In the case of stars, they play an important role at all
stages of stellar evolution, from the collapse of the molecular cloud, through the pre-main
sequence and main sequence phases to more evolved stages including supernovae, white
dwarfs and neutron stars. They influence and control a number of physical processes,
such as accretion, diffusion, mass-loss, angular momentum loss, and turbulence. Thus,
studying the characteristics and generation of stellar magnetic fields is a necessary step
to increase our understanding of stellar evolution (and also planetary formation and
evolution).
The Sun is the closest - and thus the best studied - star. The discovery of its magnetic
field goes back to the beginning of the 20th century when Hale, using the newly discovered
Zeeman effect (Zeeman 1897), found that sunspots are magnetic features (Hale 1908).
We now know that many observed features are due to magnetic fields, such as spots,
faculae, and coronal mass ejection.
The solar magnetic field evolves in time. Sunspots emerge in mid-latitude activity belts,
and the latitudes of these activity belts migrate towards the equator on a timescale of 11
years. This gives the well know butterfly diagram. I will refer to this cycle as the activity
cycle. However, the large-scale magnetic field of the Sun varies on a different timescale.
The polarity of the field flips every 11 years, meaning that the large-scale cycle is actually
22 years.
Activity cycles are observed on a number of other stars by studying activity proxies
for magnetic fields such as CaII H&K and X-rays (for reviews, see Baliunas et al. 1995;
Baliunas et al. 1997; Metcalfe et al. 2010; Sanz-Forcada et al. 2013; Berdyugina 2005).
Sun-like stars with outer convective layers like the Sun generate their magnetic field
by dynamo mechanisms active in these outer layers (e.g. Brown et al.(2011), Charbon-
neau(2010) for a review on solar dynamo models). The study of the magnetic field of
Sun-like stars therefore brings new insights and constraints to the current dynamo theo-
ries. This enhances our knowledge of the large-scale magnetic fields of stars, which allows
us to test how ‘normal’ the Sun is in a sample of Sun-like stars. The results I review here
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are for Sun-like stars of spectral types F, G and K, having masses between ∼ 0.7 and 1.5
M. They have different depths of the outer convective envelope. Comparing stars with
different properties can lead to a better understanding of the dynamo generation of the
field.
2. Magnetic Mapping
In order to study large-scale stellar magnetic fields, one can examine the polarisation
in the spectral lines. If a magnetic field is present where those lines are formed, due to
the Zeeman effect, spectral lines will be polarised (the polarisation level depends on the
magnetic sensitivity of the particular line). The polarisation properties depend on the
position of the observer relative to the orientation of the magnetic field. For example,
circular polarisation is sensitive to the line-of-sight component of the magnetic field (see
Landi Degl’Innocenti & Landolfi 2004).
The aim of magnetic mapping is to reconstruct stellar large-scale magnetic field orien-
tation, geometry and strength. When the star rotates, the observer sees different parts of
the stellar disc. If those parts have different magnetic field distributions, the polarisation
in the spectral lines will not be the same in spectra taken at different rotational phases.
Thus, the technique used to reconstruct the large-scale magnetic field is a tomographic
technique, like the one used in Magnetic Resonence Imaging. It is called Zeeman-Doppler
Imaging (ZDI), and consists of inverting series’ of circular polarised spectra into a mag-
netic topology, i.e. the distribution of magnetic fluxes and field orientations (Semel 1989).
Since the inversion problem is ill-posed, regularisation techniques are used to get a unique
map. These techniches include maximum entropy (Brown et al. 1991; Hussain et al. 2000)
and Tikhonov regularisation (Piskunov & Kochukhov 2002). The results presented here
are mostly obtained using the maximum entropy method. The magnetic field is described
by its radial poloidal, non-radial poloidal and toroidal components, all described using
spherical harmonics expansions (Donati et al. 2006a). ZDI is a powerful technique in
recovering the large-scale magnetic field of the star, as well as its differential rotation.
However, it has its limitations, because the small-scale fields are not resolved up to a
certain limit, their signatures cancel out in some field geometries, and the field in dark
spots is suppressed (see, e.g. Johnstone et al. 2010).
Collecting polarised spectra is possible using spectropolarimeters, such ESPaDOnS on
CFHT, its twin instrument NARVAL on TBL, and HARPSpol on the 3.6-m in La Silla
(Donati et al. 2006b; Piskunov et al. 2011; Snik et al. 2011). The polarisation signature
is extremely small (∼ 10−4). In order to increase the S/N ratio of the data, a multi-line
technique called Least-Square Deconvolution (LSD) is used. It produces a mean profile
with a higher S/N ratio than in single lines, depending on the number of lines used to
calculate the mean profile (Donati et al. 1997; Kochukhov et al. 2010).
3. The Magnetic Topologies of Sun-like Stars
In this section, I will present the results of different studies targeting Sun-like stars.
Some of these stars were observed by the Bcool project†, a project aiming at studying the
magnetic fields of Sun-like stars and solar twins. Another campaign targeted hot-Jupiter
hosting stars. It aimed to investigate interactions between the planet and the star, as well
as studying how the stellar field influences the environment in which the planet evolves.
HD 179949 is a F star with Teff = 6120 K (Nordstro¨m et al. 2004), M ∼ 1.18 M,
† http://bcool.ast.obs-mip.fr
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Figure 1. Left panel: Circular polarization profiles of HD 179949 for 2009 September. The
observed and synthetic profiles are shown in black and red respectively. On the left of each
profile we show a ±1 σ error bar, while on the right, the rotational cycles are indicated. Right
panel: The three components of the field in spherical coordinates are presented. Adapted from
Fares et al.(2012)
vsini = 7.0 ± 0.5 km s−1 (Valenti & Fischer 2005), Prot = 7.6 − 10.3 days, dΩ = 0.22
rad day−1 (Fares et al. 2012), and hosts a hot-Jupiter. The stellar activity was reported
to be modulated by the planetary orbital period instead of the stellar rotation period
during some epochs (Shkolnik et al. 2003;Shkolnik et al. 2005; Shkolnik et al. 2008). This
was interpreted as a possible stellar activity enhancement by the planet due star-planet
interactions. Fares et al.(2012) observed this star during two epochs. Figure 1 shows the
circular polarisation LSD profiles they obtained in September 2009 (left panel) and the
reconstructed map (right panel). The three components of the magnetic field in spherical
coordinates are shown. The mean magnetic field is 4 G, with 90% of the energy in the
poloidal component (mainly radial).
Sun-like stars do not all exhibit the same magnetic field characteristics. For example,
the G dwarf ξ Bootis A - Teff = 5570 K, M ∼ 0.86M, vsini = 3.0 ± 0.5 km s−1
(Valenti & Fischer 2005), Prot = 6.4 days (Toner & Gray 1988) - observed in July 2007
(Morgenthaler et al. 2011, 2012), shows a stronger magnetic field (80 G) with 80% of the
energy in the toroidal component of the field. The circular polarisation profiles and the
reconstructed magnetic map are shown in Fig. 2.
Those two previous examples show that there is a variety of magnetic field topologies
and strengths among Sun-like stars. One can examine if there is a trend with stellar
properties (e.g. rotation, temperature, mass). To answer this question, we have adapted
the graph of Fig. 3 in Donati & Landstreet(2009) to include all the data for Sun-like
stars. Fig. 3 represents the general characteristics of the reconstructed magnetic fields:
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2 Instrumental setup, data reduction, and
extraction of Zeeman signatures
We use data from the NARVAL spectropolarimeter (Aurie`re
2003), installed at Telescope Bernard Lyot1 (Pic du Midi,
France). The instrumental setup is strictly identical to the
one described by Petit et al. (2008). The spectrograph unit of
NARVAL benefits from a spectral resolution of 65 000 and
covers the whole wavelength domain from near-ultraviolet
(370 nm) to near-infrared (1000 nm). Thanks to the polari-
metric module, NARVAL can provide intensity, circularly
or linearly polarized spectra. In the present study, we restrict
the measurements to Stokes I and V .
The circularly polarized spectra allow the detection of
large-scale photospheric magnetic fields, thanks to the Zee-
man effect. However, when observing cool dwarfs, the sig-
nal-to-noise ratio of circularly polarized spectra produced
by NARVAL is not sufficiently high to reach the detection
threshold of typical Zeeman signatures (which amplitude
does not exceed 10−4Ic for low-activity stars, where Ic is
the continuum intensity). To solve this problem, we calcu-
late from the reduced spectrum a single, cross-correlated
photospheric line profile using the Least-Squares-Decon-
volution (LSD) multi-line technique (detailed by Donati et
al. 1997 and Kochukhov et al. 2010). Thanks to the large
number of available photospheric lines in cool stars (several
thousands in the spectral domain of NARVAL), the noise
level is reduced by a factor of about 30 with respect to the
initial spectrum. As an illustration, Fig. 1 shows the result-
ing LSD signatures for successive observations of the Sun-
like star ξ Boo A.
3 Magnetic mapping and chromospheric
emission
The Stokes I and Stokes V LSD profiles allow the deriva-
tion of various quantities to study the temporal variations of
the magnetic field properties. Here we focus on the recon-
struction of the surface distribution of the magnetic vector
and on the computation of a chromospheric activity index.
3.1 Magnetic maps
To reconstruct the surface magnetic geometry of the stars,
we use Zeeman-Doppler Imaging (ZDI). This tomographic
inversion technique is based on the modelling of the rota-
tional modulation of the circularly polarized signal (Semel
1989). The time series of polarized signatures are iteratively
compared to artificial profiles corresponding to a synthetic
magnetic geometry, until a good fit is obtained between the
model and the observations (Donati & Brown 1997; Donati
et al. 2006). Thus, ZDI enables to recover, to some extent,
the location of magnetic regions, as well as the strength and
1 The Bernard Lyot Telescope is operated by the Institut National des
Sciences de l’Univers of the Centre National de la Recherche Scientifique
of France.
Fig. 1 (online colour at: www.an-journal.org) Normalized
Stokes V profiles of ξ Boo A for the summer of 2007, after correc-
tion of the mean radial velocity of the star. Black line represent the
data and red lines correspond to synthetic profiles of our magnetic
model. Successive profiles are shifted vertically for display clarity.
Rotational phases of observations are indicated in the right part of
the plot and errors bars are illustrated on the left of each profile.
orientation of the magnetic vector in magnetic spots. The
application of this technique to cool stars with low v sin i
and moderate to low magnetic activity is described by Petit
et al. (2008). In this case, ZDI is only sensitive to low-order
field components, contrary to the chromospheric flux which
includes also the contribution of smaller scale magnetic el-
ements.
The resulting maps for the three stars presented here are
illustrated in Figs. 2, 3, and 4.
www.an-journal.org c© 2011 WILEY-VCH Verlag GmbH&Co.KGaA, Weinheim
Figure 2. Circul r polarisa ion profiles (left panel) and magnetic map (right panel) of
ξ Boo A in July 2007 from Morgenthaler et al.(2012).
the r constructed magnetic energy density (i.e. the integral of 〈B2〉 over the surface),
the percentage of poloidal field, and finally the fractional energy density in axisymmetric
modes (i.e., with m<l/2, m and l being the order and degree of the spherical harmonic
modes describing the reconstructed field). Each observed star for which a magnetic map
has been reconstructed is indicated by a symbol at its rotation period and mass, with the
symbol size reflecting the magnetic energy density, the symbol color reflecting if the field
is mainly poloidal or mainly toroidal, and the symbol shape indicating how axisymmetric
the poloidal component is. The data are from Catala et al.(2007); Moutou et al. (2007);
Donati et al. (2003, 2008a); Petit et al. (2008, 2009); Jeffers & Donati(2008); Donati &
Landstreet(2009); Fares et al.(2009,2010,2012,2013); Morgenthaler et al.(2011,2012) and
Marsden et al.(2011) .
Fig. 3 shows a variety of observed topologies. The fields of these stars can be either
poloidal or toroidal, axisymmetric or non-axisymmetric, and of different strengths. The
field strengths are in general smaller than those of M dwarfs (see Reiners & Basri 2006,
2010; Morin et al. 2008, 2010 and Donati et al. 2008b)
However, if we overplot the Rossby number equal to one, we see the main trend (the
Rossby number is the ratio of the rotation period of the star to the convective turnover
time):
stars having a Rossby number greater than one seem to have a weak, mainly poloidal
and axisymmetric magnetic fields; while stars with Rossby number smaller than one (in
the range of masses considered in this work) seem to have a stronger, mainly toroidal
and non-axisymmetric magnetic fields.
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Figure 3. Mass-rotation diagram of reconstructed magnetic fields of Sun-like stars. The dashed
line shows Rossby number of unity. The size of the symbol represents the field strength, its color
the contribution of the poloidal component to the field, and its shape the degree axisymmetry
of the poloidal component.
4. Magnetic Cycles
The Sun goes through activity and magnetic cycles, as discussed in Section 1. Moni-
toring the activity and searching for cycles of Sun-like stars has been the subject of many
studies (e.g. Henry et al 1996; Baliunas et al. 1995, 1997). Some stars exhibit activity cy-
cles, which vary in duration between almost a year to 25 years (e.g. Metcalfe et al. 2010).
In addition, asteroseismology can also reveal activity cycles, by measuring the variation
of the amplitude of the modes and the frequency shifts (e.g. Garc´ıa et al. 2010).
Knowing that activity cycles exist for Sun-like stars, one can ask if large-scale magnetic
cycles exist as well. In order to investigate that, some stars were monitored over many
epochs of observation. For example, τ Boo, an F star with Teff = 6387 K, M ∼ 1.33M,
vsini = 15.0± 0.5 km s−1 (Valenti & Fischer 2005), Prot = 3.0− 3.9 days, dΩ = 0.4 rad
day−1 (Fares et al. 2009), and host to a hot-Jupiter, has shown a reversal of the polarity
of the polar field every year between 2006 and 2009 (see Fig. 4). The star exhibits strong
differential rotation, is orbited by a very massive planet, and has a rotation period similar
to the planetary orbital period (Fares et al. 2009). The magnetic field is mainly poloidal
and axisymmetric for these epochs, with a mean field strength of about 3-5 G.
The star was also observed in January 2008 half way between the reversal. The field
is mainly azimuthal for this epoch (toroidal field). The field thus changes from a mainly
poloidal to a mainly toroidal configuration, and than goes back to the poloidal configura-
tion but with a different polarity. The magnetic cycle for this star is of 2 years, however
a shorter cycle of 8 months cannot be ruled out. The effect of tidal interactions between
the massive planet and the shallow outer convective envelope of the star was suggested
as a possible cause for the short magnetic cycle. However, more recent studies have found
a fast magnetic cycle of 3 years on another F star HD78366 (Morgenthaler et al. 2011).
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Figure 4. Magnetic maps of τ Boo. Top left: June 2006; top right: June 2007; bottom left:
May 2008; bottom right July 2009. The maps show polarity flips every year, observed in all
components of the field. Data adapted from Catala et al. (2007); Donati et al. (2008a); Fares et
al. (2009,2013).
Complex Cycle
The magnetic field evolution of stars does not always show a simple change in polarity.
For instance, HD190771 shows a complex cycle (Teff = 5834 K, M ∼ 0.96M, vsini =
4.3 ± 0.5 km/s (Valenti & Fischer 2005), Prot = 8.8 days (Toner & Gray 1988), dΩ =
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Fig. 2. Same as Fig. 1 for HD 190771, for 2007.59, 2008.67, 2009.47 and 2010.50 data sets (from left to right and top
to bottom).
of the star (visible only during winters), this first time-series suggests that HD 78366 may obey to a magnetic
cycle of about three years.
4.2 Fast polarity reversals : HD 190771
A more complex type of variability is illustrated by HD 190771. It has a mass similar to the Sun’s, but has a
rotation period of 8.8 days. In Fig. 2, we plot the magnetic maps derived for this star. A polarity reversal is
visible on the strong azimuthal component between 2007.59 and 2008.67 (Petit et al. 2009). Between 2008.67
and 2009.47, the magnetic geometry changed in a different manner : the magnetic field which was mainly
toroidal in 2008.67 became mostly poloidal in 2009.47. A second polarity reversal took place between 2009.47
and 2010.50, this time on the radial field component. In this case, the two successive polarity switches do not
imply that the initial magnetic state is reached again, so that the observed variability is not taking the form of
a cycle.
4.3 Fast and complex variability : ξ Bootis A
Finally, another, more complex type of variability is observed with ξ Boo A, the less massive and most rapidly
rotating star of our three examples. It was observed at seven epochs, for which the magnetic field geometry was
derived (Morgenthaler et al. 2011). Here we highlight two results of this long-term monitoring.
The first one refers to the 2007.59 and 2008.09 data sets (top part of Fig. 3). We observe that within a six
months interval, the intensity of the magnetic field decreased by about 50% and that the magnetic geometry,
which was quite simple in 2007.59 with an aligned dipole and a prominent ring of azimuthal field, became more
complex and less axisymmetric in 2008.09, with a less pronounced toroidal surface component.
Figure 5. Magnetic maps of HD 190771 for 2007.59, 2008.67, 2009.47, and 2010.50 data sets
from left to right and top to bottom (Morgenthaler et al. 2011).
0.12 rad/d (Petit et al. 2009). This star was observed every year from 2007 until 2011
(Petit et al.(2009), Morgenthaler et al.(2011) and Petit private com). The azimuthal field
changes polarity between 2007 and 2008 (see Fig. 5), the field has a simple topology for
both epochs. However, the topology of the field becomes more complex after 2008. A
polarity switch is observed in 2010 when compared to 2008, but the field is much more
complex in 2010. In 2011, the field goes back to a simple topology, having the same
polarity as it had in 2008. The magnetic cycle of this star is complex when compared to
the solar cycle.
The magnetic fields of Sun-like stars evolve with time. Stars that do not exhibit mag-
netic cycles still show an evolution of the poloidal and toroidal components of the field.
Yet they do not show a polarity switch, e.g. ξ Boo A (Morgenthaler et al. 2012). These
observations, in case of failure in detecting magnetic polarity flips, indicate that ‘failed
cycles’ can also happen, i.e. variability without polarity flips.
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Stellar Cycles versus the Solar Cycle
For the Sun, the length of the activity cycle is half that of the magnetic cycle. One can
question if this relation holds for stars, and what we can learn about the generation of
their magnetic fields.
Let us consider a stellar magnetic cycle with polarity flips, like the one of τ Boo.
Although it is a fast cycle when compared to the solar cycle, it is considered normal
since it shows regular polarity flips. This star was observed by the HK project of Mount
Wilson. It has a long activity cycle of 11.6 years (Baliunas et al. 1995). If we compare this
to the solar case, the activity cycle is much longer than the magnetic cycle. This system
is an interesting one. Henry et al.(2000) found a persistent 116 day period over 30 years
of observations in the CaII fluxes. However, this period does not appear in radial velocity
nor photometric data. They say that it cannot be explained by the familiar phenomena
of rotation, growth and decay of surface features, or an activity cycle. However, the
spectropolarimetric data cannot rule out a magnetic cycle of 240 days (8 months; Fares
et al. 2013). If this is the real period of the cycle, not only is it much shorter than the
solar one, but it is also almost twice the 116 day period found in the CaII data.
Poppenhaeger et al.(2012) attempted to detect an X-ray cycle for τ Boo by observing
the star over 6 epochs. Although the star exhibits variability in X-ray, it does not show a
cyclic behavior. However, the lack of an X-ray cycle is not inconsistent with the existence
of a mangetic cycle. Theoretical work shows that a magnetic cycle does not necessarily
imply an X-ray one (e.g. McIvor et al. 2006). Also, Vidotto et al.(2012) simulated its
stellar wind through the magnetic cycle, using the reconstructed maps as boundary
conditions for the stellar magnetic field. They calculated the X-ray emission measure
and find that this does not vary during the cycle, which agrees with the findings of
Poppenhaeger et al.(2012).
The relations between activity cycles, magnetic cycles, and X-ray cycles should thus
be investigated for stars. The picture we have currently is not similar to the solar one.
Understanding the difference will improve our understanding on magnetic field genera-
tion.
5. Conclusions
The study of the magnetic fields of Sun-like stars gives new insights into stellar mag-
netism and provides constraints for dynamo theories. The magnetic fields in these stars
are generated in the outer convective layers. However, a full understanding of the dynamo
mechanisms acting in these layers has not yet been reached.
Sun-like stars have a wide range of magnetic properties. Magnetic field strengths and
geometries vary between mainly poloidal and mainly toroidal fields. Field strengths vary
between a few Gauss to a few hundred Gauss. Despite this variety, there are trends with
stellar properties, especially the Rossby number. Sun-like stars with Rossby numbers
smaller than unity have mainly toroidal magnetic fields, while stars with Rossby num-
bers greater than unity seem to have weaker magnetic fields, dominated by the poloidal
components.
However, one should consider the existence of magnetic cycle. Some Sun-like stars do
indeed have cycles; we observe solar-like cycles with polarity flips, more complex cycles,
and some cyclic variations without polarity flips. The length of the current discovered
magnetic cycles was surprising, as these cycles are very short when compared to the solar
cycle.
This leads us to a set of important questions: is the solar cycle unusual? How do
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magnetic and activity cycles correlate in Sun-like stars? What are the stellar characteris-
tics that drive the cycles (differential rotation, rotation,...)? Observations and theoretical
works are still needed to answer these open questions.
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